Background: Drought is a major abiotic stress factor that influences the yield of crops. Basic leucine zipper motif (bZIP) transcription factors play an important regulatory role in plant drought stress responses. However, the functions of a number of bZIP transcription factors in rice are still unknown. Results: In this study, a novel drought stress-related bZIP transcription factor, OsbZIP62, was identified in rice. This gene was selected from a transcriptome analysis of several typical rice varieties with different drought tolerances. OsbZIP62 expression was induced by drought, hydrogen peroxide, and abscisic acid (ABA) treatment. Overexpression of OsbZIP62-VP64 (OsbZIP62V) enhanced the drought tolerance and oxidative stress tolerance of transgenic rice, while osbzip62 mutants exhibited the opposite phenotype. OsbZIP62-GFP was localized to the nucleus, and the N-terminal sequence (amino acids 1-68) was necessary for the transcriptional activation activity of OsbZIP62. RNA-seq analysis showed that the expression of many stress-related genes (e.g., OsGL1, OsNAC10, and DSM2) was upregulated in OsbZIP62V plants. Moreover, OsbZIP62 could bind to the promoters of several putative target genes and could interact with stress/ABA-activated protein kinases (SAPKs).
Background
Rice is one of the most important grain crops and the most water-consuming crop (approximately 65% of agricultural water) [1, 2] . Due to environmental pollution and climate change, plants frequently encounter various abiotic stresses (such as drought, heat, and salt) that influence their growth and development during the growth process. Drought is one of the major stress factors that severely affects plant growth and results in a series of physiological and biochemical changes [3] . In response to drought stress, plants have evolved a set of very complex and effective strategies that include regulating stomatal closure to reduce plant transpiration and water loss; accumulating osmolytes (such as inorganic ions, organic solutes and sugars) to maintain the osmotic balance of cells; and increasing superoxide dismutase (SOD), catalase (CAT) and other antioxidants to maintain cell membrane stability [4] . These plant physiological and biochemical responses are achieved mainly via stress signal transduction and the transcriptional regulation of downstream stress-related genes [1] .
ABA is one of the most widely studied plant hormones that modulate both plant growth and stress responses [5] [6] [7] . In recent years, studies have shown that ABA helps plants cope with abiotic stress mainly due to the participation of their receptors. The main concept is as follows: ABA combines with PYR/PYL/RCARs proteins to form a compound, which then interacts with protein phosphatase 2Cs (PP2Cs) to inhibit the activity of PP2Cs, thereby relieving the inhibition of PP2C on SnRK2s. SnRK2s subsequently activate downstream transcription factors by phosphorylation [8] [9] [10] .
Among these transcription factors, bZIPs compose one of the transcription factor families that has been extensively studied. It has been found that bZIP transcription factors play various roles in plant growth and stress responses, such as seed maturation, disease resistance, and drought resistance [1, 11, 12] . There are approximately 110 bZIP transcription factors in Arabidopsis thaliana, some of which have been identified [13] [14] [15] . On the basis of their structure and function, plant bZlP transcription factors are classified into 10 subfamilies [14] . The bZIP transcription factors of different groups play various roles in the abiotic stress response. For example, many members of the group C bZIP transcription factors, known as the ABF/AREB/ABI5 subfamily, participate in ABA signal transduction and the stress response [16, 17] . ABF1 is mainly involved in ABA and low-temperature stress responses, and ABF2/AREB1 and ABF4/AREB2 are mainly involved in ABA, drought, high-salt, heat and oxidative stress responses [18] [19] [20] .
There are 89 bZIP transcription factors in rice [21, 22] . Studies have shown that several members of the third subfamily, such as OsbZIP23, OsbZIP46, and OsbZIP72, function in rice stress responses [23] [24] [25] . Overexpression of OsbZIP23 in transgenic rice plants significantly improved rice drought resistance and salt tolerance and increased sensitivity to ABA [23, 26] . OsbZIP46, which encodes a transcription factor and is homologous to OsbZIP23, plays a very important role in mediating ABA signalling and drought resistance. Overexpression of a constitutively active form of OsbZIP46 significantly increased the drought resistance of rice [25, 27] . OsbZIP72 was identified by yeast one-hybrid screening. Its transcriptional activity mainly depends on the amino acid sequence of its N-terminus. Overexpression of OsbZIP72 in rice plants can also enhance the ABA sensitivity and drought resistance [24, 28] .
Though the functions of several bZIP genes in rice have already been determined in terms of stress resistance, a number of bZIP genes have not been identified in rice. In this study, we identified a novel bZIP transcription factors, OsbZIP62, and the results showed that OsbZIP62 is a key regulator in rice drought and oxidative stress responses and has potential application in genetically modified crops with improved drought tolerance.
Results
OsbZIP62 encodes a bZIP protein that belongs to the third subfamily of bZIP transcription factors in rice
In our previous study, the transcriptomes of several typical rice varieties with different drought tolerances were analyzed (unpublished). Some drought tolerance candidate genes whose expression was significantly correlated with stress physiological indices (e.g., osmotic potential) were selected (data not shown). Among these genes, OsbZIP62 was selected for further study. OsbZIP62 encodes a putative bZIP transcription factor [22] . Protein sequence analysis demonstrated that OsbZIP62 contains a typical basic region and leucine zipper domains (Additional file 1: Figure S1 ). Phylogenetic analysis of the third subgroup members of Arabidopsis and rice bZIP transcription factors showed that OsbZIP62, OsbZIP72 (LOC_Os09g28310), OsbZIP46 (LOC_Os06g10880) and OsbZIP23 (LOC_Os02g52780) were distributed on the same branch (Additional file 1: Figure S2 ) and that OsbZIP62 was near OsbZIP72, whose function is related to ABA and drought [24] . These results suggested that OsbZIP62 might play a similar role in plant ABA and drought responses.
Expression pattern of OsbZIP62 under different stresses
To investigate and predict the function of OsbZIP62, the expression pattern of OsbZIP62 under different abiotic stresses and phytohormone treatments was investigated by qPCR. OsbZIP62 expression was significantly induced by polyethylene glycol (PEG)-simulated drought stress, oxidative stress (induced by H 2 O 2 ), heat stress, salt stress, and ABA treatment and was slightly induced by cold stress (Fig. 1a) . Bioinformatic analysis showed that there were many predicted stress response-related cis-elements, such as G-box recognition site (4 hits), MYB recognition site (1 hit), ABRE element (1 hit) and HSE recognition site (2 hits), in the promoter of OsbZIP62 (Fig. 1b) .
In addition, we also measured the tissue specificity of this gene in different tissues of rice by qPCR. The results showed that OsbZIP62 was expressed in various tissues, but the expression level was high in the roots and relatively low in the panicles (Fig. 1c) .
Transactivation activity and subcellular localization of OsbZIP62
The transcriptional activation activity of the OsbZIP62 protein was determined in yeast. The full length of Osb-ZIP62, which was fused to the DNA-binding domain of GAL4 (pBD-FL), displayed no transactivation activity in yeast ( Fig. 2a and b) . Therefore, a series of OsbZIP62 deletions of part of the fragment were tested. The results showed that the expression of the reporter gene could be activated when the C-terminus (amino acids 168-274) was absent (pBD-CDL1 and pBD-CDL2), indicating that the amino acid sequences at the N-terminus (amino acids 1-68) are required for the transactivation activity of OsbZIP62 (Fig. 2b ).
An OsbZIP62 protein and green fluorescent protein (GFP) under the control of the CAMV35S promoter were constructed and introduced into rice protoplasts. As shown in Fig. 2c , fluorescence of OsbZIP62-GFP was observed in the nucleus, indicating that OsbZIP62 is a nuclear-targeted protein.
Increased ABA sensitivity of OsbZIP62V transgenic plants
Because the full length of OsbZIP62 had no transactivation activity, it is possible that overexpression of OsbZIP62 is unable to lead to the presumed phenotype. Therefore, we selected OsbZIP62V plants for phenotypic investigation. In these plants, OsbZIP62 coding sequences are fused to a VP64 (tetrameric repeats of VP16) universal transcriptional activation module to maintain transcriptional activation (Additional file 1: Figure S3A ). The expression level of OsbZIP62V was significantly higher in transgenic plants than in wild-type (WT) plants, as demonstrated by qPCR analysis (Additional file 1: Figure S3B ).
Although the germination rate of the OsbZIP62V overexpression transgenic lines (OE1 and OE3) was similar to that of the WT under 0 μM ABA, it was significantly lower than that of the WT under 1 and 3 μM ABA (Fig. 3a, b) . Moreover, the shoot lengths of the OsbZIP62V transgenic rice plants were significantly shorter than those of the WT rice plants under 3 μM ABA treatment (Fig. 3c-e) . These results indicated that OsbZIP62V enhanced the sensitivity of the transgenic rice plants to ABA.
To further determine whether knocking out OsbZIP62 could affect the sensitivity of transgenic plants to ABA, an osbzip62 mutant was generated via the CRISPR/Cas9 method (Additional file 1: Figure S4 ). The results showed that the germination rate of the osbzip62 mutant lines was almost the same as that of the wild-type Nipponbare plants under ABA treatment (Additional file 1: Figure S5 ). There was no significant difference in the length of the shoots and roots of osbzip62 mutants and WT (data not shown). These results suggested that knocking out OsbZIP62 did not significantly affect the ABA sensitivity of rice.
OsbZIP62V improved the tolerance of transgenic rice to drought and oxidative stress
To evaluate the putative biological function of OsbZIP62, we evaluated the drought tolerance of OsbZIP62V plants at the vegetative stage. Under PEG-simulated drought stress treatment, compared with the WT plants, the Osb-ZIP62V plants displayed less wilting (Fig. 4a) . After recovery, 45-46% of the OsbZIP62V plants recovered, while the recovery rate of the WT plants was only 24% (Fig. 4b) . The results indicated that OsbZIP62 had a positive effect on rice osmotic stress tolerance.
In addition, the seedlings of the OsbZIP62V and WT plants were also treated with 60 mM H 2 O 2 to determine their tolerance to oxidative stress. After treatment for 4-5 d, we found that the wilting degree of the overexpression transgenic plants was lower than that of the WT plants ( Fig. 4c) and that the survival rate of the OsbZIP62V (48-55%) plants was significantly greater than that of the WT plants (18%) (Fig. 4d) . Physiological analysis showed that, compared with the WT plants, the transgenic rice plants accumulated less H 2 O 2 and malonaldehyde (MDA) and had greater amounts of chlorophyll ( Fig. 4e-g ). These results suggested that the activated expression of OsbZIP62 improved the oxidative stress tolerance of the transgenic rice plants.
Knocking out OsbZIP62 decreased the tolerance of transgenic rice to drought and oxidative stress
To further validate the function of OsbZIP62, the tolerance of osbzip62 mutants to drought and oxidative stress was evaluated. The leaf rolling of the osbzip62-mutant was significantly worse than that of the WT plants under PEG-simulated drought stress (Fig. 5a ). The osbzip62- Fig. 3 Increased ABA Sensitivity of OsbZIP62V transgenic plants at the germination and seedling stages. a, Germination performance of OsbZIP62 overexpressors (OE1 and OE3) and WT seeds on 1/2-strength MS medium containing 0, 1, and 3 μM ABA at 7 days after initiation. b, Germination rate of transgenic OsbZIP62 (OE1 and OE3) and the WT transgenic seeds on 1/2-strength MS medium containing 0, 1, and 3 μM ABA. The error bars indicate SEs based on three replicates. c, Performance of two independent OsbZIP62V transgenic lines (OE1 and OE3) and the WT on 1/2-strength MS medium containing 3 μM ABA. d, Shoot length of the transgenic lines and control lines on medium without or with 3 μM ABA. E, Root length of transgenic lines and control lines on medium without or with 3 μM ABA. Statistics of the length of the shoots and the roots at 7 days after growth. The data represent the means ± SE (n ≥ 8 each), **P < 0.01 according to Student's t test mutant had a significantly lower recovery (20-36%) than did the WT plants (45%) (Fig. 5b) . Furthermore, the degree of wilting of the osbzip62 mutants was higher than that of the WT plants under H 2 O 2 treatment (Fig. 5c) . After recovery, the survival rate of the osbzip62 mutants were only 14-24%, while that of the WT was 61% (Fig. 5d) . Physiological analysis showed that the contents of H 2 O 2 and MDA in the osbzip62 mutant were significantly greater than that in the WT (Fig. 5e-g ). These results demonstrate that knocking out OsbZIP62 reduces rice tolerance to drought and oxidative stress.
Identification of putative target genes regulated by OsbZIP62
To elucidate the molecular mechanism of OsbZIP62 in rice drought tolerance, the transcriptomes of OsbZIP62V, Fig. 4 OsbZIP62V enhanced the tolerance of rice to drought and oxidative stress. a, OsbZIP62V transgenic rice plants and WT plants were cultured in 96-well plates and treated with 20% PEG for 3 days, after which they recovered for 4 days. b, Survival rate of OsbZIP62V transgenic plants and WT plants after PEG-simulated drought stress. The error bars indicate SEs based on three replicates, **P < 0.01 according to Student's t test. c, Phenotype of OsbZIP62V under oxidative stress. OsbZIP62V lines and WT plants were cultured in 96-well plates and treated with 60 mM H 2 O 2 for 5 days, after which they recovered for 3 days. d, Survival rate of OsbZIP62V transgenic plants and control plants after oxidative stress. The error bars indicate SEs based on three replicates. e, Total chlorophyll content in rice leaves. f, Total H 2 O 2 content. g, Total MDA content. The data represent the means ± SDs (n = 4 or 5), *P < 0.05, **P < 0.01 according to Student's t test. FW: fresh weight osbzip62 and WT plants were analyzed using highthroughput sequencing. Differentially expressed genes (DEGs) between the transgenic rice plants and WT plants were analyzed. There were 1669 upregulated genes (foldchange ≥2.0) and 570 downregulated genes (fold change ≤0.5) in the OsbZIP62V transgenic plants compared with WT plants (Additional file 2: Table S1 ). In the osbzip62 mutants, 663 genes are upregulated, and 480 genes were downregulated (Additional file 3: Table S2 ). Among the upregulated genes in the OsbZIP62V transgenic plants, 568 genes were also induced by PEG-simulated drought stress, and 257 genes were induced by ABA treatment (the RNA-seq of Nipponbare plants under PEG and ABA treatment was performed by our lab, and these data have not been published), which suggests that these genes upregulated by OsbZIP62 may participate in drought and ABA responses (Fig. 6a) . The enriched upregulated genes in the OsbZIP62V plants mainly belong to the following biological process categories: carbohydrate metabolic process, response to abiotic stimuli, cell wall organization or biogenesis, response to hormones, and cellular ion homeostasis (Fig. 6c) . The Expression levels of several DEGs were checked by qPCR. The results confirmed that the expression of most of the selected DEGs (e.g., LOC_ Os02g43940, LOC_Os05g49420, LOC_Os11g03300 and LOC_Os03g03370) was greater in OsbZIP62V overexpression transgenic lines and lower in osbzip62 mutants than in WT plants ( Fig. 6d and e) . These results demonstrated that the transcription of these DEGs was affected by OsbZIP62, suggesting that these DEGs might be target genes regulated by OsbZIP62.
We also analyzed the DEGs whose expression tended to change in the opposite manner in OsbZIP62V plants and osbzip62 mutants and found 85 DEGs were upregulated in the OsbZIP62V plants but downregulated in the osbzip62 mutants (Additional file 4: Table S3 ). These DEGs encode different functional proteins, such as transcription factors, protease inhibitors, and antioxidant enzymes (e.g., LOC_ Os07g01370, LOC_Os02g09940 and LOC_Os05g02530 encode a peroxidase; LOC_Os03g20760 and LOC_Os11g02350 encode a protease inhibitor; LOC_Os08g02300 and LOC_ Os12g43110 encode a transcription factor; LOC_Os02g56920 encodes a wax synthesis protein; and LOC_Os03g21560 encodes a photosystem II repair protein).
To further identify the target genes of OsbZIP62, we first analyzed the promoters of the DEGs and identified promoters of several DEGs (e.g., LOC_Os03g03370 (DSM2), LOC_Os11g03300 (OsNAC10), and LOC_ Os02g56920 (OsGL1)) containing ABREs or G-box ciselements that may bind bZIP transcription factors (data not shown). We investigated whether the OsbZIP62 protein could bind to the promoters of these putative target genes through a yeast one-hybrid assay. A pGADOsbZIP62 plasmid (containing the OsbZIP62 putative DNA domain fused to the GAL4 active domain) and pHIS-cis reporter construct (~1 kb promoters of six presumed target genes) were co-transformed into yeast strain Y187 (Fig. 7a) . As indicated by the activation of the reporter genes, OsbZIP62 could bind to the promoters of several genes (i.e., LOC_ Os02g56920, LOC_Os03g21560, LOC_Os07g01370, LOC_Os11g03300, and LOC_Os03g03370) (Fig. 7b) . These results indicated that OsbZIP62 exhibits DNA binding activity and might directly regulate the expression of these target genes.
OsbZIP62 interacts with stress/ABA-activated protein kinases and might be activated by phosphorylation
The whole length of OsbZIP62 had no transcriptional activation activity, whereas the N-terminus of OsbZIP62 displayed transactivation activity, even when C-terminus (69-274 amino acids) was deleted. Therefore, we proposed that Osb-ZIP62 might also interact with SAPK protein kinases and be phosphorylated. To test this hypothesis, using a yeast twohybrid assay, we first investigated the interaction between OsbZIP62 and five SAPK family members from rice. The results showed that OsbZIP62 could interact with SAPK1, SAPK2 and SAPK6 (Fig. 8a) . The interaction between Osb-ZIP62 and the three SAPKs was further confirmed by luciferase complementation imaging assays in tobacco leaves (Fig. 8b-g ). In summary, these results indicated that Osb-ZIP62 interacted with several SAPKs, suggesting that Osb-ZIP62 might be activated by the phosphorylation of these protein kinases.
Discussion
OsbZIP62 encodes stress-responsive bZIP transcription factors and positively regulates rice drought tolerance and oxidative tolerance Transcription factors play an important role in regulating the stress response in plants. In Arabidopsis, many bZIP transcription factors are involved in the ABA-mediated stress response, such as ABI5 [16, 29] , ABF1/3/4, and ABRE3 [20, [30] [31] [32] . However, only a few of them have been reported in rice, such as OsbZIP23, OsbZIP46, OsbZIP72 [23-25, 27, 33] , and the biological functions of many other bZIP proteins remain unclear. Here, we report a novel rice bZIP transcription factor, OsbZIP62, that is involved in rice stress responses. Phylogenetic analysis showed that OsbZIP62 belongs to the third subfamily of bZIP family (Additional file 1: Figure S2 ). Previous studies have showed that some members of the bZIP third subfamily are also induced by abiotic stress and are involved in drought and ABA signalling pathway [24] . OsbZIP62 was obviously induced by various abiotic stresses (i.e., PEG, H 2 O 2 , salt, and heat) and hormone (i.e., ABA) treatments (Fig. 1a) . In addition, there are many predicted stress-related cis-elements, including ABREs and HSEs, within the OsbZIP62 promoter region. (Fig. 1b) . The current study showed that OsbZIP62V significantly enhanced the tolerance to drought and oxidative stress (Fig. 4) , but compared with WT plants, the osbzip62 mutants displayed reduced drought stress tolerance (Fig. 5) . In addition, the expression of hundreds of droughtresponsive genes was upregulated in OsbZIP62V plants ( Fig. 6 and Additional file 2: Table S1 ). These findings clearly demonstrated that OsbZIP62 encodes a novel bZIP transcription factor that positively regulates the drought tolerance and oxidative tolerance of rice.
OsbZIP62 might participate in the ABA response
It has been shown that bZIP transcription factors constitute the key component of ABA signalling. For example, many members of the group C bZIP transcription factors, which are known as the ABF/AREB/ABI5 subfamily, participate in ABA signal transduction of and the stress response. It is well known that SnRK2 phosphorylation of ABF/AREB is an important part of the complete ABA signalling pathway in Arabidopsis [34, 35] . In particular, TRAB1, which is homologous to OsbZIP62, has been determined to be phosphorylated by SAPKs [36, 37] . In this study, it was found that OsbZIP62 interacted with the SAPK1/2/6 ABA signalling components (Fig. 8) , suggesting that OsbZIP62 may be regulated by these protein kinase phosphorylation pathways. Furthermore, we found that the full-length OsbZIP62 protein showed no transcriptional activity but that the N-terminal sequence (amino acids 1-68) exhibited transactivation activity in yeast (Fig. 2a) . These results are similar to those of Osb-ZIP46 and suggest that the transactivation activity of Osb-ZIP62 might be activated through phosphorylation by these protein kinases; however, the details need to be further studied.
In this study, the activation of OsbZIP62 increased rice sensitivity to ABA (Fig. 3) . Furthermore, the expression of a number of ABA-responsive genes was upregulated in OsbZIP62V plants (Fig. 6a) . On the other hand, knocking out osbzip62 did not alter the sensitivity to Figure S5 ), possibly because of the abundant bZIP proteins involved in ABA signalling. Nevertherless, all of these findings supported that the transcription and post-translation of OsbZIP62 is regulated by ABA signalling and that OsbZIP62 also partially participates in ABA signalling by regulating many ABAresponsive genes.
OsbZIP62 regulates the expression of many stress-related genes Transcription factors and cis-elements are the core components of plant regulatory networks. Identification of direct downstream target genes is an effective strategy in terms of clarification of the function of the OsbZIP62 transcription factor. Not surprisingly, OsbZIP62 altered the expression levels of many genes. The expression of nearly more than 1000 genes was upregulated more than 2-fold in the OsbZIP62V overexpressors plants (Additional file 2: Table S1 ). On the other hand, the mutant of OsbZIP62 also exhibited expression changes of hundreds of genes (Additional file 3: Table S2 ). Among the DEGs upregulated in OsbZIP62V, more than one-third of them were drought responsive, which is approximately 14% of total drought responsive genes (Fig. 6a) . Many genes that are upregulated in OsbZIP62V encode reported or predicted proteins involved in stress resistance, such as transcription factors (LOC_Os11g03300 (OsNAC10)), β-carotene hydroxylase (LOC_Os03g03370 (DSM2)), protease inhibitors (LOC_ Os11g02350), and wax synthesis proteins (LOC_Os02g56920 (OsGL1)). OsGL1 has been reported to be one of the genes controlling wax synthesis; this gene is involved in wax accumulation in leaf cuticles and directly affects the drought resistance of rice [38, 39] . OsNAC10, an NAC transcription factor, enhances drought resistance and increases the yield of rice under drought conditions [40] . DSM2 enhances the resistance of rice to drought and oxidative stress by increasing the biosynthesis of lutein and ABA [41] . Yeast one-hybrid assays further confirmed that OsbZIP62 could bind to the promoters of these genes (e.g., OsGL1, OsNAC10, and DSM2) (Fig. 7) . These findings suggest that the induced expression of 14% drought stress-related genes by OsbZIP62 contributes to the enhanced drought tolerance of the transgenic rice plants.
Conclusions
We screened drought tolerance candidate genes via a transcriptome analysis of several typical rice varieties with different drought tolerances and selected a novel bZIP gene, OsbZIP62, as one of the candidate genes. OsbZIP62 belongs to the third subfamily of bZIP transcription factors in rice. The expression of OsbZIP62 was obviously induced by drought, heat, salt, H 2 O 2 and ABA treatment. By modulating many stress-related genes, OsbZIP62 is a positive regulator of ABA signalling, drought, and oxidative stress responses.
The OsbZIP62 protein localized to the nucleus, and its function in activating downstream genes may depend on posttranslational modification by SAPKs. Thus, we concluded that OsbZIP62 encodes a novel stress-responsive bZIP transcription factor and positively regulates the rice drought and oxidative stress responses.
Methods

Construction of transgenic materials
The full-length cDNA of OsbZIP62 was amplified from the cDNA of Nipponbare (Oryza sativa L. japonica. cv. Nipponbare) and then cloned into a pEASY-Blunt simple cloning vector for sequencing. The seeds of Nipponbare were obtained from the germplasm bank in our lab. The seeds of transgenic japonica rice Kitaake with OsbZIP62-VP64 were acquired from Fujian Agriculture and Forestry University, and these transgenic rice plants were generated as described previously [42] .
CRISPR constructs were designed according to a previously described protocol [43, 44] , and the vectors were transformed into Nipponbare using the Agrobacteriummediated method. The primers used in this study are listed in Additional file 5: Table S4 . Individual T0 transformants were analyzed by sequencing their OsbZIP62 target regions, which were amplified by PCR. Mutations were detected by aligning the sequence chromatograms of these PCR products with those of the WT controls. Several individual homozygous or heterozygous plants were obtained, and two homozygous lines, C54 and C60, were selected for further experiments.
Plant materials, growth conditions and stress treatments
To determine the gene expression profiles, we planted the Nipponbare plants in culture solution in a greenhouse with a 16-h light/8-h dark cycle. Rice seedlings at the four-leaf stage were treated with hormones or subjected to non-biological stresses such as cold stress (rice seedlings were transferred to a growth chamber at 4°C), heat stress (rice seedlings were exposed to a 42°C growth chamber), osmotic stress (15% (m/v) PEG6000), oxidative stress (1% H 2 O 2 ) and salt stress (150 mM NaCl) and then sampled at 0, 1, 2, 4, 8, 12 and 24 h. For the phytohormone ABA treatment, 0.1 mM ABA was added to the culture medium of the rice plants.
To determine the ABA sensitivity of the transgenic plants at the seedling stage, positive transgenic seeds were selected in one-half-strength MS culture medium supplemented with 50 mg/L hygromycin. WT control lines were germinated on 1/2-strength MS medium. Seedlings (12 plants each, 3 repeats) were transplanted to 1/2-strength MS culture medium or 1/2-strength MS medium containing 3 μM ABA and were grown for 7 days. To testing the ABA sensitivity of transgenic plants at the germination stage, the seeds of positive transgenic plants and wild type plants (approximately 30 seeds, three repetitions) were germinated on 1/2-strength MS medium containing a concentration gradient of ABA (0, 1, 3, and 6 μM), and the germination rate of the seeds was calculated after 7 days.
Determination of physiological indices related to stress
For all stresses, the seeds of T3 lines were germinated on 1/2-strength MS medium supplemented with 50 mg/ L hygromycin, and the seeds of WT also grown on 1/2-strength MS medium. At the four-leaf stage, osmotic stress (20% PEG treatment for 3 days before rewatering) and oxidative stress (60 mM H 2 O 2 treatment for 4-5 days) were applied, and the survival rates were measured as described previously [45, 46] . Moreover, we performed a biochemical analysis of reactive oxygen species (ROS). H 2 O 2 was extracted from the leaves, and its contents were determined following the manufacturer's instructions as described previously [47] . The activity of ROS-scavenging enzymes, soluble protein and MDA contents were determined according to the manufacturer's instructions (Nanjing Institute of Bioengineering, Jiangsu, China). The chlorophyll contents were measured as described previously [48] .
RNA isolation and quantification of gene expression
Total RNA was extracted from the rice leaves using TRNzol-A + reagent (Tiangen) according to the manufacturer's instructions. First-strand cDNA was synthesized via EasyScript One-Step gDNA Removal and cDNA Synthesis Super Mix (Transgen). Real-time quantitative PCR (qPCR) was performed on an optical 96-well plate with a Bio-Rad CFX96 Real-Time PCR Detection System using TransStart Green qPCR SuperMix (Transgen). The PCR procedure was as follows: 94°C for 30 s, followed by 40 cycles at 94°C for 5 s, 55°C for 15 s and 72°C for 10 s. The rice OsAct8 gene (No. AY212324) was used as an internal control to normalize the target gene expression, and relative expression levels were determined as described previously [49] .
RNA sequencing
Three biological replicates (30 plants each) of wild-type, OsbZIP62V and osbzip62 mutant plants were sampled for RNA sequencing. The total RNA was extracted using the Trizol Reagent (Life Technologies). The qualified RNA samples were then used for library construction following the specifications of the TruSeq RNA Sample Preparation v2 Guide (Illumina), and RNA sequencing was conducted with Illumina Hiseq 2500 at Shanghai Personal Biotechnology Co., Ltd. (Shanghai, China). We used SeqPrep to strip adaptors and/or merge paired reads that overlapped into single reads and used Sickle to remove low-quality reads. The clean data were then aligned to the reference genome of rice using HISAT2 v2.1.0. FPKM (fragments per kilobase per millon mapped reads) was then calculated to estimate the expression level of the genes. DESeq2 v1.6.3 was used to analyse the differential gene expression between two samples, and genes with q<0.05 and |log2_ratio|>1 were identified as differentially expressed genes. GO (Gene Ontology; http://geneontology.org/) enrichment of DEGs was implemented by hypergeometric tests in which p-value is calculated and adjusted as q-value. GO terms with q < 0.05 were considered significantly enriched.
Subcellular localization
To study the subcellular localization of OsbZIP62 protein, the whole length of OsbZIP62 was cloned into a pCAMBIA1300GFP plant expression vector after digestion of XbaI and BamHI enzyme; thus, OsbZIP62 was fused to GFP. Rice protoplasts were subsequently prepared from rice etiolated shoots, transformed with GFP or OsbZIP62-GFP constructs, and subjected to PEG treatment. GFP fluorescence was detected under an Olympus confocal microscope 24 h after transformation.
Transactivation activity assay in yeast
The transcriptional activation activity of OsbZIP62 was studied in yeast cells. The full length or truncated fragments of OsbZIP62 were fused in frame with the receptor GAL4 DNA-binding domain in a pGBKT7 vector by recombination reactions. These constructs were separately transformed into Y2H Gold cells. The transformants were evaluated by serial dilution on SD/−Trp/ −His medium containing different concentrations of 3-amino-1, 2, 4-triazole (3-AT) or X-α-Gal.
Yeast one-hybrid assays
We selected six genes (i.e., LOC_Os11g02350, LOC_ Os02g56920, LOC_Os03g21560, LOC_Os07g01370, LOC_ Os11g03300, and LOC_Os03g03370) that were upregulated in OsbZIP62V plants and downregulated in osbzip62 mutants. The upstream approximately 1 kb long promoter of these potential target genes was cloned from the genomic DNA of Nipponbare. For the yeast one-hybrid assays, the promoter sequences of these genes were cloned into the yeast expression vector pHIS2.1 after digestion of the SmaI and EcoRI enzymes and then was cotransformed with the pGAD-T7-OsbZIP62 into Y187 yeast cells. The DNA-protein interaction was evaluated by transformant growth assays on SD/−Leu/−Trp/−His plates supplied with 50 mM of 3-AT.
Yeast two-hybrid assays
Yeast two-hybrid assays were carried out with a Matchmaker™ Gold Yeast Two-Hybrid System (Clontech). The coding regions of OsbZIP62 and SAPKs were cloned into pGBKT7 and pGAD-T7 vectors to generate bait and prey vectors, respectively. These vectors were subsequently co-
